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Abstract
The control mechanism of mitosis in the regenerating rat liver was studied in relation to the
cell functions. Partial hepatec· tomy induces a series of changes prior to the initiation of mitosis, i.
e. decrease in serum glucose and albumin levels, loss of glycogen from liver cells, and increased
lipid mobilization to liver cells. Massive supplies of glucose and fructose suppressed significantly
hepatocellu. lar mitosis with suppression of lipid accumulation and preservation of glycogen in
the liver cells and of blood sugar level. Homologous serum administration also suppressed the
rate of liver cell mitosis after hepatectomy preventing the decrease in serum albumin level, but
did not suppress the lipid accumulation in the liver. Starvation, which would relieve the liver
cell from the work of detoxication of intesti. nal toxic products, did not show any suppressive
effect on the mitotic rate of liver cells after partial hepatectomy in single animals. But starvation
induced severe hypoglycemia, moderate hypoalbuminemia and loss of glycogen content in the
liver. These changes in metabo. lism by starvation and partial hepatectomy were suppressed by
con· jugating the animals with nonhepatectomized fed.partners by aortic anastomosis, and mitosis
was suppressed in the residual liver of the fasting animals in this parabiosis. The results indicate
that all the major functions of parenchymal live cells tested, sugar metabolism, serum albumin
production, and detoxication, are closely related to the control of liver cell mitosis. Accumulation
of lipids in the liver remnant after partial hepatectomy is thought to be for the compensa. tion of
reduced glycogen storage and not concerned directly with the liver cell mitosis. Discussion was
made briefly on the humoral factor and portal blood factor in relation to excess load of functions
on resi. dual liver cells.
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Abstract: The control mechanism of mitosis in the regenerating
rat liver was studied in relation to the cell functions. Partial hepatec·
tomy induces a series of changes prior to the initiation of mitosis, i. e.
decrease in serum glucose and albumin levels, loss of glycogen from
liver cells, and increased lipid mobilization to liver cells. Massive
supplies of glucose and fructose suppressed significantly hepatocellu.
lar mitosis with suppression of lipid accumulation and preservation of
glycogen in the liver cells and of blood sugar level. Homologous
serum administration also suppressed the rate of liver cell mitosis after
hepatectomy preventing the decrease in serum albumin level, but did
not suppress the lipid accumulation in the liver. Starvation, which
would relieve the liver cell from the work of detoxication of intesti.
nal toxic products, did not show any suppressive effect on the mitotic
rate of liver cells after partial hepatectomy in single animals. But
starvation induced severe hypoglycemia, moderate hypoalbuminemia
and loss of glycogen content in the liver. These changes in metabo.
lism by starvation and partial hepatectomy were suppressed by con·
jugating the animals with nonhepatectomized fed.partners by aortic
anastomosis, and mitosis was suppressed in the residual liver of the
fasting animals in this parabiosis. The results indicate that all the
major functions of parenchymal live cells tested, sugar metabolism,
serum albumin production, and detoxication, are closely related to the
control of liver cell mitosis. Accumulation of lipids in the liver
remnant after partial hepatectomy is thought to be for the compensa.
tion of reduced glycogen storage and not concerned directly with the
liver cell mitosis. Discussion was made briefly on the humoral factor
and portal blood factor in relation to excess load of functions on resi.
dual liver cells.
It is generally accepted that the proliferation of somatic cells in the
animal body is closely related to the functional demands, e. g. hypoxia in·
induces a remarkable increase in erythroblasts, and administration of a
thyroid hormone, thyroxin, inhibits the proliferation of epithelial cells of
thyroid gland (1, 2).
Liver regeneration that takes place following partial hepatectomy in the
rat has been widely used for the investigation of control mechanism of soma-
tic cell mitosis. Although many factors, such as a humoral factor (3, 4),
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hormones (5, 6), nutrItIOn (7), and portal blood supply (8, 9) have been re-
ported to affect the regeneration rate, the control mechanism of the regenera-
tion process still remains obscure. The relationship between the hepatic
functions and hepatocellular proliferation is also poorly understood. BENC-
MARK and collaborators have observed some relation of glucose supply to the
regeneration rate of the rat liver (10). STITCH and FLORIAN observed an inhi-
bitory effect of normal rat serum on the rat liver regeneration (II). These
observations suggest that the increased functional load on the individual liver
cells after partial hepatectomy may be involved in the induction of mitosis of
liver cells. Thus the present investigation was performed to study whether
an excess of functional load on liver cells is related to their proliferation after
partial hepatectomy. In this paper it is reported that the suppression of glyco-
mobilization and the supply of serum inhibit the mitosis of liver cells after
partial hepatectomy, and the relief from the liver of its detoxicating function
against intestinal toxic substances also suppresses the mitosis.
MATERIALS AND METHODS
Two hundred and sixty-eight male Wistar rats weighing 250-300 g were
used, 120 animals for partial hepatectomy with excess sugar administration, 24
with serum administration, 88 with fasting, and 36 for the control. They were
kept on a standard laboratory chow diet at libitum.
In the first group, 120 animals were divided into four subgroups, 30 animals
for each. Animals of each subgroup were treated with subcutaneous injection
of glucose, fructose, sodium succinate, and glucose with insulin, respectively.
All the sugars were administered as 20% solution. The animals received the
first injection of sugars, 6 ml, 6 hours before hepatectomy and at 6hour intervals
thereafter, 6 ml at a time, until sacrifice. Insulin, NPH Iszilin, (Shimizu), was
given to the animals two times, 6 hours before hepatectomy and 12 hours after
operation, 0.04 units at a time. Six animals each of them were sacrificed by ex-
sanguination 2, 12, 24, 30 and 48 hours after partial hepatectomy. All the ani.
mals received the subcutaneous injection of colchicine, 1.2 mg/kg, 4 hours before
sacrifice. Blood sugar level was estimated at sacrifice by the orthotoluidine
bromate method. A part of fresh liver tissue served for the extraction of lipids
and DNA, another part was fixed in pure ethanol for the observation of
glycogeil',' and the remainder was fixed in 10% formol for the observation of
mitosis. The fixed tissues were sectioned at 4.5/1 and stained by hematoxylin
and eosin for the count of mitosis, and by PAS reaction for the observation of
glycogen. Mitotic rate was obtained by counting the number of mitotic cells
in 5x 103 parenchymal cells. None of Kupffer cells or cholangiole cells were
included.
Partial removal of the liver was performed by the method of HIGGINS and
ANDERSON (12). Median and left lateral lobes, amounting approximately to 70%
of total liver weight, were excised under ether anesthsia. Afther operation
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animals were injected with 2,500 units of penicillin G intramuscularly, and
kept on free access to diet.
In the second group, 24 animals were injected with homologous serum
intraperitoneally, 6 ml at time, at the same time·intervals as the administration
of sugars. Animals were sacrificed 12, 30 and 48 hours after partial hepatec·
tomy, serum protein levels were estimated by electrophoresis, and tissue sam-
ples were obtained and treated by the same way as just described.
In the third group, 40 animals were refused diet since 3 days before opera·
tion until sacrifice. They were divided into two subgroups, 24 animals received
only partial hepatectomy, and the rests were hepatectomized partially and
immediately conjugated with fed·inbred littermates by aortic anastomosis.
Starvation was continued in the hepatectomized animals after parabiosis by the
ligation of the mouth with a bite block applied. For the control of parabiosis-
experiments, 16 nonfasting animals were partially hepatectomized and con-
jugated with healthy animals, and they were allowed food intake after opera-
tion.
Animals of each subgroup were sacrificed 12, 24, 30 and 48 hours after
operation, 6 single animals and 4 pairs at a time. With blood drawn at sacrifice
serum glucose and protein levels were estimated, and liver tissue samples were
obtained as described above.
Parabiosis with aortic anastomosis was performed according to the methods
described by KAWAI (13), and FANG (14). After anesthesizing by intramuscular
injection of Nembutal, 30 mg, with a small amount of atropin, two animals
were laid side by side on the opposite directions. Opening the retroperitoneal
cavities, both of the abdominal aortae were clumped at two points just below
the renal arteries and severed at the middle, and each upper end of the aorta
was anastomosed with the lower end of the other with graft vessels obtained
from animals of the same strain. Thus the cross-circulation between two
animals was established (Fig. 1).
Thirty control animals were partially hepatectomized and sacrificed 2, 12,
24, 30 and 48 hours after operation without any other treatments. Six adult
animals served as the healthy control. They were sacrificed without any
treatment. With blood drawn at sacrifice glucose contents and serum protein
levels were estimated, and tissue samples were obtained as described above.
For the estimation of lipids, 1 g wet weight of fresh liver tissue was used.
The lipids were extracted with chloroform and methanol (2: 1, v Iv) according
to the method of FOLCH et al. (15). The crude extract was allowed to stand
overnight in a large volume of 0.05% NaGI solution at 4-6°G, and chloroform
layer was collected. After evaporating the solvent the total lipids were
weighed. For the estimation of each lipid component, the purified lipid frac-
tion was developed by one dimensional thin layer chromatography (TLC) on
plates of silica gel 60 F254, Merck, d = 250 IL, with the mixture of petroleum
ether·ethyl ether-acetic acid (82: 18: 1, v: v: v) (16). After development the
plates were sprayed with 0.75% phosphomolibudate solution in absolute etha-
nol, heated at 120 0 G for 10 minutes and each component was estimated by the
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two-wave-length double beam spectrophotometer, Hitachi.
A part of fresh liver tissue, 0.5 g in wet weight, served for the estimation
of DNA by the method of SCHMIDT and TANHAUSER (17) and lipid DNA ratio was
obtained.
Fig. I. Illustration of rat parabiosis with aortic
anastomosis between inbred littermates.
RESULTS
Blood sugar level markedly reduced already two hours after partial
hepatectomy. It was kept at nearly the same level for about 24 hours and
increased slightly 6 hours later. Massive administration of glucose and frac-
tose prevented the decrease in the blood sugar level maintaining it at a high
level, but sodium succinate did not. Injection of insulin induced a remark-
able hypoglycemia even with glucose administration (Table 1).
Glycogen in the liver cell disappeared nearly completely within 6 hours
after partial hepatectomy. However, the administration of glucose, fructose
and glucose with insulin prevented the escape of glycogen from the liver, but
succinate did not show any effect to prevent the glycogen escape (Fig. 2).
4
Acta Medica Okayama, Vol. 28 [1974], Iss. 3, Art. 6
http://escholarship.lib.okayama-u.ac.jp/amo/vol28/iss3/6
Role of Liver Functions on Liver Cell Mitosis
TABLE I SERUM GLUCOSE LEVELS IN PARTIALLY HEPATECTOMIZED
RATS WITH AND WITHOUT SUGAR TREATMENTS.
Blood sugar level (mg/lOO ml)
203
Treatment Hours after partial hepatectomy
2 12 24 30 48
Normal 39. I ±5. 4*
Partial hepatectomy
P.h. + glucose
P. h. +fructose
P. h. +succinate
P.h. +glucose+insulin
58.8±2.8 55.7±2.4 60.8±4.2 67.1±3.0 72.1±4.4
149.5±8.5 156.0±8.9 135.9±9.0 134.3±5.8 144.9±7.2
126.6±5.9 121.3±4.6 125.8±3.8 130.5±5.8 132.6±9.3
57.4±6.4 59.3±7.3 6O.3±4.1 65.6±3.2 74.3±5.0
32.0±4.3 34.8±5.6 43.2±7.2 41.7±6.1 51.2±5.0
See text for details *Mean ± S. D. from 6 animals each.
Mitosis of liver cells, which was rarely encountered in the normal liver,
was stimulated by partial hepatectomy. The most striking increase in the
mitotic cell number was observed 30 hours after operation. Massive admini-
stration of glucose and fructose significantly suppressed the hepatocellular
mitosis after partial hepatectomy (P<O.Ol), but sodium succinate did not
give any suppressing effect. Concomitant administration of insulin with
glucose also revealed an inhibition on the liver cell mitosis as in the glucose
treatment alone (Table 2).
Serum albumin as well as total protein levels moderately reduced within
12 hours after partial hepatectomy and further lowered thereafter. A massive
supply of homologous serum to the hepatectomized animals effected to main-
tain them at a high level. Mitosis in the residual liver was conspicuously
inhibited by the administration of serum to the animals compared to that of
the partially hepatectomized animals left without giving serum (P<O.Ol,
Table 3).
Starvation, which will relieve the liver cell from detoxicating function
against intestinal toxic substances, did not give any suppressing effect on.
liver cell mitosis stimulated by partial hepatectomy. But by conjugation
of hepatectomized and fasting animals with healthy littermates by aortic
anastomosis, mitosis of the. residual liver was markedly suppressed com-
paring to that of the control of fed and hepatectomized animals having
healthy parabiotic partners. A slight elevation of mitotic rate was also seen
in the liver of the nonhepatecromized counterpart of parabiosis, about 1/20
of that of the hepatectomized fed-partner (Table 4).
Starvation with partial hepatectomy resulted in a more marked decrease
in serum glucose and albumin levels and glycogen content in the liver than
a simple partial hepatectomy. But by conjugation of fasting and hepatecto-
mized animals with healthy littermates the decrease in serum glucose and
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albumin levels and hepatic glycogen content was essentially prevented Table
5, Fig. 3).
TABLE 2 MITOTIC RATES OF LIVER CELLS 30 HOURS AFTER PARTIAL HEPATECTOMY
WITH AND WITHOUT SUGAR TREATMENTS.
Treatment
Normal control
Partial hepatectomy
P. h. + glucose
P. h. +fructose
P. h. + succinate
P. h. + glucose + insulin
No. of
experiments
6
6
6
6
6
6
Mitosis per 5 X 103 cells
o
285±47*
38±19
30±25
217±54
58±28
See text for details. *Mean±S.D.
TABLE 3 SERUM PROTEIN LEVELS AND MITOTIC RATES OF LIVER CELLS
AFTER PARTIAL HEPATECTOMY.
Hours after partial hepatectomy Mitosis per
Treatment
12 24 48 5 x 103 cells
Normal control
Total protein (g/IOO ml) 7. 40±0. 21 *
Albumin (g/IOO ml) 4. 33±0. 24 0
% Albumin 58. 5±2. 4
Partial hepatectomy
Total protein (g/IOO ml) 6. 68±0. 18 6. 20±0. 23 5. 70±0. 23
Albumin (g/IOO ml) 3. 50±0. 27 3.07±0.1O 2. 68±0. 21 285±47
0/0 Albumin 52.4±2.8 49.5±2.1 47.0±1.6
P. h. + serum
Total protein (g/IOO ml) 8.13±0.30 7. 35±0. 25 7.31 ±O. 22
Albumin (g/IOO ml) 4.80±0.13 4. 52±0. 19 4. 35±0. 16 84±16
% Albumin 59. O±l. 9 61.6±2.0 59. 5± 1. 6
Mitosis was presented as the number 30 hours after partial hepatectomy. See text for
details. *Mean±S. D.
Fig. 2. PAS section of rat livers six hours after partial hepatectomy showing glycogen
granules, x 400. A, normal: B, partial hepatectomy, showing almost complete disappearance
of glycogen granules: C, partial hepatectomy with glucose treatment, showing heavy depo·
sition of glycogen granules: D, partial hepatectomy with fructose treatment, showing also
heavy deposition of glycogen granules: E, partial hepatectomy with sodium succinate treat·
ment, showing disappearance of glycogen granules: F, partial hepatectomy with glucose
and insulin treatment, showing heavy deposition of glycogen granules.
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TABLE 4 EFFECTS OF FASTING ON MITOTIC RATES OF LIVER CELLS 30 HOURS AFTER
PARTIAL HEPATECTOMY IN SINGLE AND PARABIOTIC ANIMALS.
Mi tosis per 5 X 103 cellsTreatment of
hepatectomized rat
No. of
experiments Hepatectomized Nonhepatectomized
Normal feeding 6 285±47*
Fasting 6 296±40
Normal feeding 4 156±26
and parabiosis
Fasting and 4 43±1Oparabiosis
See text for details. *Mean±S. D.
7±10
8±6
TABLE 5 EFFECTS OF FASTING ON SERUM GLUCOSE AND PROTEIN LEVELS AFTER PARTIAL
Treatment of
hepatectomized
rat
Fasting
Fasting+
parabiosis
Normal feeding
+ parabiosis
HEPATECTOMY IN SINGLE AND PARABIOTIC ANIMALS.
Hours after operation
12 24 48
-._-~_.-
Glucose (mg/lOO ml) 36.4 ±4.0* 32.6 ±3.5 33.8 ±6.4
Total protein (g/100 ml) 6.88±0.25 6.27±0.16 5.58±0.31
Albumin (g/lOO ml) 3. 22±0. 17 2.66±0.14 2. 46±0. 15
% Albumin 47.0 ±2.1 42.4 ±2.3 44.5 ±3.0
Glucose (mg/lOO ml) 75.5 ±7.3 77.4 ±8.2 78.0 ±6.8
Total protein (g/lOO ml) 7. 43±0. 31 7.04±0.24 7. 16±0. 22
Albumin (g/lOO ml) 4.32±0.13 4. 02±0. 18 4. 05±0. 20
% Albumin 58.3 ±2.9 57. I ±3.5 56.9 ±2.7
Glucose (mg/lOO ml) 71.9 ±8.0 76.4 ±6.5 72.2±7.1
Total protein (g/lOO ml) 7. 25±0. 25 7.14±0.18 7.09±0.29
Albumin (g/lOO ml) 4.22±0.16 4. 06±0. 19 4. OO±O. 25
% Albumin 58.2 ±3.0 56. 9± I. 6 56.3 ±2.6
See text for details. *Mean±S. D. from 6 animals in single group and 4 parabiotic
groups.
Total lipids in the liver remnant after partial hepatectomy decreased
slightly 6 hours after operation, then increased rapidly, reaching the maxi-
mum level after 12 hours, and decreased gradually with the lapse of time
reaching nearly the normal level after 48 hours. The administration of
glucose prominently suppressed the increase in total lipids of the liver after
partial hepatectomy but the serum injection was less effective (Fig. 4).
The level of each component of liver lipids also changed by partial
hepatectomy, showing a similar tendency as that of the total lipips, tempo-
rary decrease two hours after partial hepatectomy followed by marked increase
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Fig. 3. PAS section of fasting and fed parabiotic rat livers six hours
after partial hepatectomy in fasting partner, >< 400. A, fasting and partially
hepatectomized partner, showing preservation of glycogen granules: B, fed
and nonhepateclomized counterpart. showing also preservation of glycogen
granules.
207
after six hours and gradual decrease thereafter. An enormous increase in trigly-
cerides, free fatty acids and cholesterol was observed and this increase was
suppressed by the injection of glucose, but the increase in phospholipids was
not affected. Effects of serum supply on the changes of each lipid content in
the liver were less significiant (Fig. 5).
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DISCUSSION
As already known, partial hepatectomy induces a series of metabolic
changes preceding the onset of regenerative response, e. g. hypoglycemia (18),
loss of hepatic glycogen (19), decrease in serum albumin level (20) and
accumulation of lipids in the liver (21, 22).
Present data reconfirmed such changes in the metabolism after partial
hepatectomy. The impaired metabolic functions of the liver remnant by the
reduction in cell number after hepatectomy should be responsible for these
changes which will be somehow participated in the stimulation of mitotic
activity of the residual liver cells. And this may be related to the functional
dependency of cell mitosis in each organ which has cells with specialized
functions.
As demonstrated by the present observations, massive supplies of glucose
and fructose prevented the decrease in blood glucose and hepatic glycogen
content, and also suppressed the liver cell mitosis. Since blood sugar level
is not related to the liver cell mitosis as revealed in the animals treated with
insulin, the suppression of mitosis by the sugar injection might be related to
the glycogen level in liver cells.
The data are consistent with the findings of BENGMARK and associates
that a massive oral intake of glucose resulted in a retardation of weight-
restoration of the regenerating rat liver with a slower increase in its nitrogen
content (10), and with the findings of SIMEK and coworkers that a continuous
intravenous administration of glucose causes some suppression of DNA syn-
thesis after partial hepatectomy (23).
Besides glycogen mobilization, the production of serum albumin is
another main function of the liver cell, and the level decreased after partial
hepatectomy. As long as the deficient functioning state of the liver is
thought to be concerned with the liver cell mitosis, albumin deficiency may
possibly be involved in the stimulation of hepatocellular mitosis in the
regenerating liver. The data that the supply of homologous serum protein
suppresses the mitosis in the residual liver also support this view.
The findings are consistent with those of STITCH and FLORIAN that the
injection of adult rat serum suppressed the regeneration of rat liver after
partial hepatectomy (11). They suspected some mitosis suppressing factor in
normal rat serum, but this is quite doubtful as far as mitosis of the liver
cell is concerned, which produces serum albumin.
Another important function of the liver cell is the detoxication of toxic
intestinal products which will directly reach the liver by way of the portal
vein. And overload of the detoxicating function on the residual liver cells
after partial hepatectomy may act as one of the stimulating factors for the
11
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liver cell mitosis. Although there was no significant difference in the mitotic
rate of liver cells between fed and fasting animals in the nonparabiotic
group, it should be noted that starvation induces a severe loss of glycogen
in the liver and a moderate decrease in plasma protein levels which will
act to stimulate the mitosis in the remaining liver cells. By parabiosis with
healthy animals, however, the decrease in hepatic glycogen and hypopro-
teinemia are prevented and the residual liver of the fasting animals are
freed from the detoxicating function as far as the intestines are kept empty.
The present observations indicated clearly that by parabiosis of fasting,
hepatectomized animals with healthy partners and continued prevention of
food intake of the starved animals the hepatocellular mitosis in the liver
remnant was successfully suppressed comparing to that of the parabiotic
controL The results indicate that the detoxicating function of the liver cell
is closely related to the regulation mechanism of the liver cell division.
Although concerning the possibility of the presence of a humoral control
mechanism in the hepatocellular mitosis and its relation to the cell functions
the present data do not give any conclusive information., the healthy partner
conjugated with the hepatectomized animal revealed a slight enhancement in
the hepatocellular mitotic rate in comparison with that of the normal controL
This may indicate the existence of a humoral factor to stimulate mitosis,
though the mitotic rate in the healthy partner is very low, about 1/20 of that
of the hepatectomized counterpart. But as the livers of both animals are in
the common circulatory system except for the portal circulation, mitosis in
the livers should be affected by the same rate by a supposed humoral factor.
Therefore, humoral factor may act on liver cells in the presence of an in-
creased functional load on them.
Another blood factor, the portal blood factor, reported by FISHER and
coworkers (8, 9) may be related to the detoxicating function of the liver,
because in their cross-circulation experiments the porta-caval shunt was made
between hepatectomized and nonhepatectomized rats by which the functional
load for detoxication on the nonhepatectomized side will be enhanced twice
as much as before.
The liver cell will be concerned with lipid metabolism. It has been
reported that greater the liver excision, the severer the hypoglycemia (18),
and the heavier the lipid accumulation in the liver (24). And it has also
been reported that glucose supply inhibits the incresed lipid mobilization (l0,
23). The present data are consistent with these observations. As the regula-
lation of the lipid metabolism is closely related to the sugar metabolism~ this
will not be directly participated in the control of the hepatocellular mitosis.
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This view was confirmed by the observations that the injection of serum to
the partially hepatectomized animals suppressed the liver cell mitosis but did
not inhibit the lipid accumulation in the liver.
All the data presented here indicate that the mitosis of liver cells is regu-
lated in close relation to their functions, glycogen synthesis and storage,
serum albumin production and detoxication of the toxic substances from the
digestive tract.
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